Abstract: The strawberry production season can be extended in Ontario if plantings are protected from adverse weather conditions. At present, dayneutral cultivars developed in California are used for production, but are not well adapted to Ontario conditions. The objectives of this study were to determine suitable dayneutral cultivars for production throughout Ontario and to investigate how they react to high tunnel environments. Two sets of trials were run. The first set, planted in 2005 and harvested in 2005-2006, compared six dayneutral cultivars of strawberries in four environments. The second set, planted in 2010 and harvested in 2010-2011, compared five dayneutral cultivars grown in four environments. For the summer crops, high tunnels had higher yields in the cooler environment at New Liskeard and low yields in the warmer environment of Cedar Springs, when compared with outside plantings. In the spring, this trend was reversed. 'Seascape' and 'Tribute' performed consistently in all environments. 'Albion' and 'Monterey', although medium yielding with lower winter survival, had large fruit size and exceptional fruit quality. 'Portola', had large fruits and performed well, so could be of interest to farmers in Ontario. All the European cultivars tested had medium to small berries. Mots-clés : Fragaria × ananassa, rusticité, abri-serre, prolongation de la saison.
Introduction
Currently, Ontario is the fourth largest strawberry (Fragaria × ananassa L.) production region in North America, behind California, Florida and Quebec (Statistics Canada 2012; USDA 2012) . The Ontario industry has traditionally been based on Canadian developed, short-day cultivars grown in a matted row system with a harvest season of five to six weeks (Dale et al. 2000) . The increased availability of imported strawberry fruits year-round has reduced the production of Ontario strawberries for wholesale markets. Presently, strawberry production in Canada meets approximately 18% of the domestic fresh market demand (Statistics Canada 2010) . Dayneutral strawberries are now grown on 20% of the strawberry acreage in Ontario, and the harvest season has been expanded to six months, from May to October.
Dayneutral strawberries flower and produce fruit under any day length as long as air temperatures are suitable. While this has historically been attributed to lack of response to day length (Hancock 2000) , recent studies have suggested that air temperature regulates flower bud formation . Consequently, at high temperatures, flowering of dayneutrals decreases (Bradford et al. 2010) . Also, the critical temperature varies with day length where it is higher under long days than short days (Sonsteby et al. 2007) .
If crops are protected from adverse weather conditions, such as heat, cold, rain or wind, the production season can be expanded and improvements in crop yield and quality are often noted (Lamont et al. 2002) . High tunnels, which moderate the climate on a field scale, are a common component of high value horticultural cropping systems in many regions of the world, (Kadir et al. 2006; Rowley et al. 2011) , and they are being used more frequently in strawberry production for season extension in Northern Europe, for winter production in Spain, and for frost protection in Florida. High tunnels increase soil and air temperatures in spring and fall, which allows earlier and later strawberry harvests, and protects the crop from rainfall, which reduces the incidence of some fungal diseases. However, in some situations, water can condense on the plastic and create rainfall (Demchak 2009; Organic Agriculture 2015) .
Presently, dayneutral cultivars developed in California are used for production in Ontario. These cultivars are propagated vegetatively using runners and planted as dormant bare root plants or as non-dormant plugs grown from runner tips. The California cultivars have not been found to be well adapted to growing conditions in Ontario; in particular, fruit yields are reduced under hot summer conditions (>30°C), fruit quality is poor, and susceptibility to certain fungal diseases is high (Dale et al. 2000) .
Attempts to breed dayneutral cultivars in Ontario have been unsuccessful partly because the northern cultivars become dormant under short days (Dale et al. 2002) and propagation rates are insufficient in Ontario for dayneutral cultivars to be propagated commercially. Poor propagation rates can be overcome if seed-propagated cultivars can be developed, as they can be propagated in plugs and sown to produce suitable plants at any time of the year. Several F1-hybrid, seed-propagated, strawberry cultivars have been released in Europe, but not tested commercially in Canada.
The objectives of this study were to determine suitable dayneutral cultivars for production throughout Ontario and to investigate how they react to high tunnel environments. F1 hybrids and vegetatively propagated plants developed in different geographic locations were evaluated at three geographical locations in Ontario and under high tunnels.
Materials and Methods
Two sets of experiments were conducted and each continued for two successive growing seasons, 2005-2006 and 2010-2011 . The day neutral cultivars used in [2005] [2006] were 'Albion', 'Diamante', and 'Seascape' from California, 'Tribute' from Maryland, and 'Elan' and 'Milan' F1 hybrids from the Netherlands. The cultivars used in 2010-2011 were 'Albion', 'Seascape', 'Monterey', and 'Portola' from California, and 'Evie 2' from the United Kingdom.
The trials were established at the University of Guelph Research Stations located at Cedar Springs, Simcoe and New Liskeard in 2005, and at Cedar Springs and New Liskeard in 2010. These three geographical locations have different climates (Tables 1 and 2 ). Cedar Springs and Simcoe are both located in Southwestern Ontario. Cedar Springs is located at the edge of Lake Erie with a milder winter compared with Simcoe because of the lake effect. In contrast, New Liskeard is located in Northern Ontario with colder temperatures both in summer and winter compared with the other two geographical locations.
All these sites appear to have similar daily maximum temperatures ( Fig. 1 ) except that Cedar Springs has slightly lower maximum in May and New Liskeard in August and September. However, the daily minimum temperature is consistently lower throughout the growing season (1.9, 5.0, 5.3, 6.2, 6 .6°C) at New Liskeard than at Cedar Springs. using an irrigation timer, provided less than 25 mm of rainfall had been received in the previous week. In 2010-2011 irrigation commenced in mid-May and early June, and ended in mid-October and mid-September in the high tunnel and outside, respectively. The drip irrigation was on for 3 h per day twice a week in the spring and fall and three times per week in July and August.
Due to the hotter climate at Cedar Springs, white polyethylene mulch was used in the 2010 planting. Plants in the rows were staggered, with 20 cm between plants and 30 cm between rows in all environments. At New Liskeard and Cedar Springs, each plot consisted of two rows per bed on 1.5 and 1.7 m centers, respectively. In Simcoe, plots consisted of four rows per bed on 1.8 m centers.
Cultural practices were adapted to local soil and climate conditions. At Cedar Springs, plants grown in the field and high tunnel both received 4.5 kg N ha At harvest, fruits were sorted into marketable (no rot and regularly shaped with a diameter greater than 1.5 cm) and unmarketable categories. The marketable fruit was weighed and counted, and berry weights (grams per fruit) were calculated. Unmarketable fruit was further divided into either small but regularly shaped or misshapen and rotten; this fruit was weighed only. Yield per plant was calculated per year for both harvest years.
At New Liskeard, for the 2005-2006 trial, the marketable fruit was rated on a scale of 1-5 for external color, brightness/shine, skin strength, firmness, regularity and internal color at least once a week. In Simcoe, the marketable fruit was rated for these characteristics plus flavor once or more in the season. In the rating system at both geographical locations, five indicated very high quality or in the case of external color, pale color. The total quality rating was a total of external color, brightness, skin strength, firmness, and regularity with a maximum possible rating of 25.
At Cedar Springs, 33% of plants under tunnel died in 2011 due to herbicide drift from a malfunctioning lowvolume hooded sprayer, therefore the dead plants were removed from the analysis. 
Results

2005-2006
All the main effects of environments and cultivars and interactions were highly significant for all the measured characteristics (Table 3) . However, environment, cultivar, year, and environment × year were the major sources of variation as they accounted for over 90% of the total sums of squares for each characteristic.
The two Cedar Springs environments had the highest total yield, % marketable yield, and winter survival, and Simcoe the least total yield. New Liskeard and Simcoe had similar lower % marketable yield. Cedar Springs outside and New Liskeard had larger berries on average than the other two environments (Table 4) .
On average, there was a lower total yield and berry weight, and a higher % marketable yield, in 2005 than in 2006.
However, Cedar Springs tunnel had the lowest total yield and berry weight in 2005 and the highest in 2006 due to low production in late summer 2005 and high production in spring 2006 in the tunnel (Fig. 2) . New Liskeard had considerably higher summer yields (Fig. 2) . The low percent marketable yield in New Liskeard was due to tarnished plant bug damage especially in 2006, whereas in Simcoe it was due to the small fruits (Table 4) .
The cultivars separated into three groups: 'Tribute' and 'Seascape' had high total yields and winter survival, and intermediate berry weight, 'Milan' and 'Elan' had intermediate total yield and winter survival and, intermediate/low berry weight, and 'Albion' and 'Diamante' had low total yield and winter survival and high berry weight (Table 5) .
The fruit quality of 'Albion' was consistently higher than the other cultivars and on average 'Milan' and 'Elan' were the poorest (data not shown). 'Albion' fruit had firmer flesh with stronger, brighter skin. Except for 'Diamante', the fruit quality of cultivars in the second year improved in Simcoe, but decreased in New Liskeard. 'Diamante' fruit quality decreased considerably in the second year in both geographical locations.
2010-2011
For total yield and % marketable yield, environment and its interaction with year were highly significant. Also, for total yield, cultivar was highly significant, and for % marketable yield, year and environment × cultivar were highly significant. For berry weight only the cultivars varied significantly (Table 3) .
The tunnels in New Liskeard produced over twice the total yield of the other environments in both years and a greater % marketable yield in 2010. The total yield outside at New Liskeard was slightly higher in the second year and very similar to the 2005-2006 experiment. Also, the % marketable yield was lower outside than inside (Tables 4 and 6 At New Liskeard the tunnels produced higher yields in late summer 2010 and throughout the year in 2011, whereas at Cedar Springs the tunnels only produced higher total yields in spring 2011 (Fig. 3) .
Overall, 'Portola' had the highest yield and largest berries. Of the other cultivars, 'Seascape' had high total yield and smaller berries, and 'Monterey' and 'Albion' had low total yield and large berries. 'Evie 2' was intermediate for total yield with smaller berries (Table 7) .
Discussion
In Ontario, dayneutral strawberries perform differently in response to local environmental conditions and these conditions can be altered by protected environments. Yields are reduced where the environment is hotter or cooler than the optimum for growth. Strawberries grown outside at Simcoe and New Liskeard yielded less than at Cedar Springs and their environments can be considered hotter and cooler than Cedar Springs respectively.
Tunnels increased yields where they created environments nearer the optimum, and reduced yields where they made the environment hotter than the optimum. The tunnels at Cedar Springs yielded less in the summer and more in the spring than outside, whereas, at New Liskeard, they yielded more during spring and summer. Note: *, **, *** represents P = 0.05, 0.01, 0.001 respectively and ns, not significant.
In all combinations of geographical location and season, the tunnels were warmer than outside, but only in the summer at Cedar Springs was it too hot. Strawberry is a cool season crop and is sensitive to heat. This reduces yield, marketable yield, and fruit quality in Southern Ontario. The number of hot days (maximum temperature greater than 30°C) decreases the yield of cool season crops (McKeown et al. 2005) . In Ontario, low yields of strawberries under the tunnel and outside can be related to the number of hot days (Dale 2009 ).
Ideal conditions for flower bud initiation in dayneutral strawberries occur when temperatures are between 4 and 29°C (Rowley et al. 2011 ) and all cultivars tested so far produce fewer, smaller fruit in hotter environments (Durner et al. 1984; Hancock 2000; Chen 2013) .
High yields under the tunnels could be related to the differences in their temperatures compared with optimal temperatures for strawberry growth and development. Tunnels have been shown to be 5-12°C warmer than outside (Kadir et al. 2006) . Consequently, under tunnels at Cedar Springs, temperatures in early spring were nearer the optimum than outside, so strawberries fruited earlier.
For the remainder of the growing season, the temperatures were much higher than the optimum, consequently the strawberries fruited less. At New Liskeard, the consistently cooler nights enabled growth and development to occur under the tunnel nearer optimal temperatures than outside throughout the growing season.
Clearly, high tunnels can increase production in different environments in Ontario, but there remains the question of whether it would be profitable to use them. One hectare of high tunnels is around $100 000 CAD and the polythene is $25 000 CAD and only lasts four years. The average cost of tunnels per year for the first four years would be around $31 000 (John Cooper, pers. comm.) . In Northern Ontario, where they increase production substantially throughout the whole growing season, their use would be expected to be profitable. However, in Southern Ontario where they only increase yields for a month in the early spring, they would probably not be profitable as the extra revenue from the additional yield would not cover the costs of the tunnels. In Cedar Springs, the additional yield of 600 kg ha will cover the cost of tunnels and harvest and creates some net income. Overall, the yield and fruit quality of the cultivars tested was consistent within and between the environments. 'Seascape' and 'Tribute' performed consistently in all environments although 'Seascape' and 'Tribute' had only medium-sized fruit. These two cultivars were the standard dayneutral cultivars in Ontario. 'Albion', although medium yielding with lower winter survival, had large fruit size and exceptional fruit quality. It has become the main dayneutral cultivar in Southern Ontario. 'Monterey' performed similarly to 'Albion' and has not replaced it. 'Portola' had large fruits and performed well, so could be of interest to farmers in Ontario.
All the European cultivars tested had medium to small berries, and did not appear adapted to Ontario. Anecdotal evidence indicates that many Northern European cultivars have relatively smaller berries in Ontario than in Europe. In Northern Europe, summers are cooler than in North America. So, one possible explanation for the smaller fruit size is that the optimum temperature for fruit development is lower for these European cultivars than for those bred in North America.
High tunnels appear to work in cooler environments because they extend the season in spring and fall and 
